Effective generation of chemical reactive species in thermal plasmas has been required in the field of material processing and waste treatment. The effect of oxygen injection into argon induction plasmas was investigated by numerical analysis without chemical equilibrium assumptions. Reaction kinetics rates of the dissociation and recombination of oxygen as well as the ionization were taken into account. The transport properties were estimated using higher-order approximation of the Chapman-Enskog method for required accuracy. Oxygen dissociation and heat flux to a torch wall can be controlled by oxygen injection location. Therefore, suitable oxygen injection needs to be chosen according to the application requirement. The present modeling would give more precise information and provide the guidance for the rational design of new material processing with effective reactive gas injection into plasmas.
Introduction
Induction thermal plasmas (ITPs) provide unique advantages: high enthalpy to enhance reaction kinetics, high chemical reactivity, oxidation and reduction atmospheres in accordance with required chemical reactions, and rapid quenching (10 6 K/s). These advantages increase the advances and demands in plasma chemistry and plasma processing. Therefore, ITP approach has been applied for various fields. In particular, ITPs are expected to be utilized for the treatment of harmful materials and recovery of useful materials from wastes, which was studied and proposed by Sakano et al. (1999 Sakano et al. ( , 2001 . Furthermore, several experimental and theoretical studies have been reported for another important application of ITPs such as production of high-quality and high-performance materials: synthesis of nanoparticles (Watanabe and Fujiwara, 2004; Watanabe and Okumiya, 2004; Shigeta et al., 2004a; Watanabe, 2005a, 2005b; Shigeta and Nishiyama, 2005) , deposition of thin films (Terashima and Yoshida, 1996; Laidani et al., 2004) , and plasma spraying (Shigeta et al., 2003 (Shigeta et al., , 2004b . However, thermal plasmas have been simply used as a high temperature source, because argon is typically used as the plasma gas. In certain ap-plications such as material processing and environmental processing, thermal plasmas with adding reactive gas are desirable to enhance the chemical reactivity of the plasmas.
Sophisticated modeling considering chemical reactions has been required for industrial applications. However, thermal plasmas have been mainly treated as a local thermodynamic equilibrium (LTE) state. The LTE model cannot determine the precise distribution of the species that is the most important information when the process includes chemical reactions. Therefore, a chemically non-equilibrium (CNE) modeling without chemical equilibrium assumptions is required. Some modeling works of ITPs including chemical reaction kinetics have been proposed: reactions between SiCl 4 and H 2 (Zhao et al., 1990) , dissociation of SiCl 4 El-Kaddah, 1988, 1990) , dissociation and recombination with finite-rates of diatomic gas in argon plasmas (Girshick and Yu, 1990; Girshick et al., 1993; Watanabe et al., 1991 Watanabe et al., , 1996 Watanabe and Sugimoto, 2004; Desilets et al., 1997 Desilets et al., , 1998 Sakano et al., 1999; Tanaka and Sakuta, 2002) , ionization of seeded alkali metals (Nishiyama and Shigeta, 2002) . In these previous works, estimation of thermodynamic and transport properties was oversimplified. The oversimplified estimation, such as the use of equilibrium properties or the first-order approximation of the Chapman-Enskog method, would cause errors in the numerical results. Thus more sophisticated models are required. In order to improve the accuracy of thermodynamic and transport properties, higher-order approximation of the Chapman-Enskog method (Hirschfelder et al., 1964) was applied to the estimation of the transport properties of oxygen plasmas (Watanabe and Sugimoto, 2004) . They presented that the thermal conductivity and the electrical conductivity obtained from higher-order approximation differed from those of the first-order approximation above 10000 K.
A chemically non-equilibrium (CNE) modeling without chemical equilibrium assumptions was developed and applied to an argon ITP mixed with oxygen in our previous work (Atsuchi et al., 2005) . It was, however, accompanied with an assumption that oxygen was premixed with argon at a constant concentration. In actual material processes with oxidation, oxygen is directly injected into an argon plasma from a local nozzle in order to enhance the efficiency of the treatment and to reduce the instability of the ITP caused by oxygen mixing due to its dissociation. Therefore, precise investigation of the oxygen injection effect on an argon ITP is required to optimize the material processing systems using ITPs.
In the present study, numerical investigation by a chemically non-equilibrium (CNE) modeling was conducted to clarify the effect of local oxygen injection into an argon ITP. Reaction kinetics rates of the dissociation and recombination of oxygen as well as the ionization were taken into account. The transport properties were estimated using higher-order approximation of the Chapman-Enskog method in accordance with the required accuracy for each property. The present CNE model provides much more important and realistic information than the LTE model for the plasmamaterial process.
Numerical Formulation

Thermodynamic and transport properties
The transport properties of argon-oxygen plasmas were estimated by the Chapman-Enskog method even though higher-order of Sonine polynomial expansion required many kinds of collision integrals resulting in the complex formulae. The collision integrals can be taken from the literature (Mason, 1954; Monchick, 1959; Kihara et al., 1960; Smith and Munn, 1964; Devoto, 1967a; Milloy et al., 1977; Capitelli et al., 2000) which provided the intermolecular potentials and the fitting data. In the CNE model, the transport and thermodynamic properties are strongly related to the temperature and the composition of the plasma. Therefore, the transport and thermodynamic properties should be updated considering the diffusion of the species in the plasma at each calculation step until the convergence.
Electrical conductivity requires the third-order approximation for the estimation (Devoto, 1967b) . The electrical conductivity increases above the temperature where the ionization takes place.
The total thermal conductivity λ consists of the reactive conductivity λ r and the "chemically frozen" conductivity including the translational one λ tr and the internal one λ int . In this study, λ h tr and λ e tr were estimated with the second-order and the third-order approximations, respectively, as suggested by Devoto (1967b) . The reactive and internal conductivities were estimated with the first-order approximation of the Chapman-Enskog method (Bulter and Brokaw, 1957; Muckenfuss and Curtiss, 1958) . The thermal conductivity has the high values where dissociation and ionization occur. In mixture of argon and oxygen, thermal conductivity is proportional to the composition of the mixture.
The viscosity due to electrons can be neglected because of the small mass. Consequently, the viscosity can be approximated in the following manner.
The viscosity was estimated with the first-order approximation of the Chapman-Enskog method because the first-order approximation and the higher-order one did not make much difference for the viscosity (Devoto, 1967b) . The viscosity has the maximum at 10000 K where the ionization begins to play important roles. The effective diffusion coefficient was estimated with the first-order approximation of the ChapmanEnskog method which also seemed slightly different from the higher-order one. The ambipolar diffusion coefficient can be estimated to be the double of the diffusion coefficient of ions, because the electron temperature is considered equal to the heavy particle temperature in thermal plasmas under atmospheric pressure.
The thermodynamic properties, the enthalpy and the specific heat at constant pressure were obtained from the equilibrium properties. The accurate estimation of the non-equilibrium thermodynamic properties is very complex for satisfying the self-consistent conditions since it requires differentiation of the concentrations of the species by temperature.
The radiative intensities of argon and oxygen were taken from the literature (Miller and Ayen, 1969; Krey and Morris, 1970; Liani, 1997) . Table 1 summarizes the reactions in the argonoxygen plasma. In the conditions of this study, six species of Ar, Ar + , O, O 2 , O + , and e -in argon-oxygen plasmas are considered to be the dominant reactants from the estimation of equilibrium composition using FACT (Center for Research in Computational Thermochemistry).
Kinetic rate constants
The dissociation and ionization rates can be calculated by Eq. (4). The constants in Eq. (4) are presented in Table 1 taken from the literature (Park, 1989a (Park, , 1989b Park et al., 2000) .
The ionization rate of the reaction No. 6 in the tables can be calculated by Eq. (5), which was proposed by Hoffert and Lien (1967) . The recombination rate constants were calculated using the equilibrium constants.
Calculation model
Four injection locations of oxygen were considered in the present model as illustrated in Figure 1 ; (A) center injection; (B) radial injection at the center of the coil; (C) inner injection from the top; (D) sheath gas injection. The case (B) is limited to radial injection from an annular slot in the wall of the torch which is different from the case of radial injection from a series of holes in the wall. The geometry of the calculation domain of induction plasma torch is shown in Figure 2 and the operating conditions are summarized in Table 2 . Gas flow rate of each oxygen injection type was shown in Table 3 . The sheath gas is injected with swirl to protect the torch wall. The plasma torch consists of a water-cooled quartz tube, and is surrounded by a water-cooled induction coil. The coil consists of three turns and applies the induction frequency at 4 MHz to the plasma. The actual power level was assumed to be 5 kW.
The calculation is based on the following assumptions to derive the governing equations: (a) steady-state laminar flow; (b) axial symmetry; (c) optically thin; (d) negligible viscous dissipation in energy equation; (e) negligible displacement current; (f) negligible flowinduced electric field; (g) identical temperature of heavy particles and electrons. The effect of turbulence has been reported by Chen and Boulos (1994) . They reported that most of the flow field in an induction plasma was laminar at the Reynolds number of 625 at the gas inlet, while the turbulence effect was large at the Reynolds number of 3125. The flow field of the present induction plasmas can be considered as laminar, because the inlet Reynolds number is 350 in this study.
Governing equations and boundary conditions
The field of flow, temperature, and concentration in induction thermal plasmas were calculated by solving the two-dimensional continuity, momentum, energy, and species conservation equations coupled with Maxwell's equations. Reactions of the dissociation and recombination as well as the ionization were taken into account in this modeling.
Continuity:
Momentum:
The last term in the right-hand side expresses the Lorentz force.
Energy:
where J·E expresses the Joule heating.
Species:
where R r is the source term owing to the dissociation, recombination and ionization. Subscript i denotes the species i. In these equations, the conduction current J, the magnetic flux density B, and the electric field intensity E were obtained from Maxwell's equations.
The electromagnetic (EM) fields in this study were analyzed on the basis of the two-dimensional modeling approach with electric field intensity as the fundamental EM field variable (Chen and Pfender, 1991 ). Maxwell's equations are expressed in terms of the electric field intensity as follows
The boundary conditions along the centerline were set to insure the axial symmetry. At the wall of the plasma torch, no slip conditions are maintained for the velocity, and the concentrations have zero gradient. The temperature at the inside wall of the plasma torch was calculated assuming the outside wall was maintained at 300 K by water cooling. The injection tube was assumed to be at 500 K. The outflow boundary conditions at the torch were assumed that the gradient of the variables are zero. The sheath gas has the swirl velocity component. Each gas stream has a constant axial velocity with zero radial velocity having a temperature of 300 K. The associated boundary conditions for the EM fields are identical to those proposed by Chen and Pfender (1991) . The contributions from the EM field by the induction coils and that by the induced EM field in the plasma are given to the wall.
Calculation procedure
The governing conservation equations were solved using SIMPLER (Semi-Implicit Method for Pressure Linked Equation Revised) algorithm developed by Patanker (1980) . The governing equations and the electric field intensity equation with the associated boundary conditions were discretized into finite difference from using a control-volume technique. In oxygen injection types (A), (C), and (D), non-uniform grid points 30 by 30 were used for radial and axial directions, respectively. In oxygen injection type (B), non-uniform grid points 30 by 54 were used for radial and axial directions, respectively. Test calculation with finer grid systems especially for the oxygen injection region was carried out. The result did not make a difference compared with the result with the present grid system. Thus the present grid system was adopted to save the computational resources. Thermodynamic and transport properties were calculated from the temperature and compositions at each position in the calculation domain at each iteration step.
Results and Discussion
The effect of the A type oxygen injection (A: carrier injection) on plasma characteristics is presented in Figure 3 . At the oxygen injection region, the temperature decreases due to oxygen dissociation as shown in Figure 3 (a). Higher heat capacity including oxygen dissociation approximately 4000 K leads to a decrease in the plasma temperature. The flow field in Figure  3 (b) exhibits the characteristic recirculation caused by the radial Lorentz force above the coil region. One might think that the recirculation is caused by the flow rate difference between the plasma supporting gas and the sheath gas. However, the recirculation does not appear when the calculation is conducted without the effect of the Lorentz force in Eq. (7). Thus the Lorentz force is considered to be a main reason of the recirculation. The corresponding concentration profiles of oxygen atoms and molecules are illustrated in Figures 3(c) and (d), respectively. Injected oxygen molecules are dissociated quickly because oxygen is injected directly into the high-temperature region. Therefore, dissociated oxygen atoms can be found near the center of the torch.
Numerical results of the B type oxygen injection (B: radial injection) is shown in Figure 4 . The calculated temperature field in Figure 4 (a) shows a severe decrease in temperature at the oxygen injection region along the torch wall due to the oxygen dissociation. The streamlines shown in Figure 4 (b) demonstrate the modified flow field from other injection types in the coil region because of the radial injection toward the high-temperature region. The concentration profiles of oxygen atoms and molecules are presented in Figures  4(c) and (d) , respectively. Oxygen molecules and dissociated oxygen atoms exist locally near the torch wall owing to the negligible diffusion of dissociated oxygen atoms toward the torch center.
The temperature field in Figure 5 (a) and the flow field in Figure 5 (b) in the case of the C type oxygen injection (C: inner injection) are comparable to types (A) and (D). The corresponding concentration profiles of oxygen atoms in Figure 5 (c) and molecules in Figure 5(d) indicate that injected oxygen molecules are dissociated quickly above the coil region. Dissociated oxygen atoms exist broadly except at the low-temperature region near the torch wall. The widespread mixing of oxygen is due to the recirculation caused by the Lorentz force in the coil region. The effect of the D type oxygen injection (D: sheath gas injection) is presented in Figure 6 . The hightemperature region above 9000 K is the largest of all the injection types, while the temperature decreases slightly near the torch wall region as shown in Figure  6 (a). The concentration profiles of oxygen atoms and molecules are shown in Figures 6(c) and (d) , respectively. Injected oxygen molecules exist near the torch wall through the downstream region. The dissociated oxygen atoms exist broadly to the torch center owing to the recirculation. Oxygen injection from the top of the torch with the sheath gas results in the broad distribution of dissociated oxygen atoms. Figure 7 presents the radial profiles of the enthalpy at 100 mm from the inlet, below the high temperature region. The sheath gas injection type (D) shows higher enthalpy near the central axis and lower enthalpy near the wall than other injection types, since the sheath gas injection of oxygen leads to the temperature decrease near the wall. As a result, heat loss to the torch wall can be reduced by the sheath gas injection type (D). Meanwhile the radial injection type (B) has a broader profile than the others. This indicates that the plasmas are generated more uniformly by the radial injection of oxygen. Figure 8 presents the effect of oxygen injection on axial profiles of heat flux to the torch wall. The low heat flux in the coil region of types (B) and (D) is due to the energy absorption by a larger amount of oxygen flow along the torch wall, resulting in the suppression of the temperature increase. In contrast, the heat flux to the torch wall of types (A) and (C) is larger. The contribution of the center or inner oxygen injection is small for lowering the heat flux to the torch wall by the oxygen injection.
The distributions of dissociated oxygen atoms and ionized oxygen ions in the plasma torch are remarkably important characteristics for material processes such as reactive plasma spraying with oxidation. Figures 9(a) and (b) present the radial number density distributions of the oxygen atoms and the oxygen ions at 100 mm from the inlet, respectively. In Figure  9 (a), the center injection type (A) provides the largest numbers of the dissociated oxygen atoms near the central axis, while the radial injection type (B) shows the opposite tendency to type (A) and the largest number of oxygen atoms when r > 10 mm. This is because the direct injection of the largest amount of oxygen at 3.0 L/min into the high temperature region leads to the rapid dissociation of the oxygen. Furthermore, the sheath gas injection type (D) presents a relatively uniform distribution, since the oxygen broadly diffuses in the upstream region. In Figure 9 (b), types (A), (C) and (D) show a similar distribution of oxygen ions. In particular, type (D) provides the largest number density of oxygen ions because a large amount of oxygen is injected with 1.0 L/min and the atoms ionize due to the largest high-temperature region as shown in Figure 6(a) . Meanwhile the oxygen ions exist only when r < 13 mm in the radial injection type (B) since the temperature near the torch wall decreases drastically by the oxygen injection as shown in Figure 4 (a). In these definitions, δ = 1 represents complete equilibrium. In non-equilibrium, δ > 1 represents overpopulation of the products and underpopulation of the reactants for δ < 1. Figure 10 presents the radial profiles of the degree of CNE due to the dissociation of injected oxygen for type (B) at the center of the coil. The degree of CNE deviates strongly from the equilibrium value at the oxygen injection region. This indicates that the chemical non-equilibrium occurs at the injection region because oxygen rapidly dissociates by direct injection into the high-temperature zone. In the downstream region, the chemical non-equilibrium also occurs near the torch wall, because the oxygen atoms dissociated in the high-temperature zone diffuse toward the torch wall. In all the injection types, the strong chemical non-equilibrium was found at the oxygen injection region and near the torch wall where the concentration gradient is large. Figure 11 shows the effect of oxygen injection on the axial profile of the degree of dissociation. A high degree of dissociation is obtained by oxygen injection types (A) and (C). The high degree of dissociation is attributed to the direct oxygen injection into the high-temperature region of plasmas, while the degree of dissociation is low in the case of types (B) and (D), because oxygen molecules exist locally near the torch wall. Oxygen injection type (B) which is direct radial injection from the torch wall provides the lowest degree of dissociation. The lowest degree of dissociation results from the insufficient penetration of injected oxygen into the high-temperature region of plasmas, therefore higher injection velocity is required to obtain higher degrees of oxygen dissociation.
Conclusions
Non-equilibrium modeling with finite reaction rates for various oxygen injection locations demonstrates the following results: Chemical non-equilibrium exists at the region of high concentration-gradient such as oxygen injection location and near the torch wall. The largest number of dissociated oxygen atoms is obtained near the central axis by the center injection type. The sheath gas injection type provides a relatively uniform distribution due to the oxygen diffusion. The sheath gas injection type shows the largest number density of oxygen ions. Distribution of oxygen atoms and ions can be controlled by choosing the appropriate injection type. Furthermore, the degree of dissociation of oxygen and the heat flux to the torch wall can be controlled by the location of oxygen injection. Therefore, a suitable location for oxygen injection needs to be chosen according to the application requirements. The present modeling would give more precise information and provide the guidance for the rational design of new material processing with effective reactive gas injection into plasmas. 
